In this work we study the radiative capture of 3 He on 4 He within the halo effective field theory (EFT) framework. At leading order the capture amplitude comprises the initial state s-wave strong and Coulomb interactions summed to all orders. At the same order in the expansion, leading twobody currents contribute as well. We find delicate cancelations between the various contributions, and the two-body current contributions can be replaced by appropriately enhancing the asymptotic normalizations of the 7 Be ground and first excited state wave functions. The next-to-leading order corrections come from the s-wave shape parameter and the pure Coulomb d-wave initial state interactions. We fit the EFT parameters to available scattering data and most recent capture data. Our zero-energy astrophysical S-factor estimate, S 34 ∼ 0.55 keV b, is consistent within error bars with the average in the literature. PACS numbers: 25.40.Lw, 
interest, due to the strong suppression of events by the Coulomb repulsion. The higher energy data where statistics are better shall therefore be theoretically extrapolated down to astrophysically relevant energies in an as less model-dependent way as possible.
The
7 Be nucleus has a predominant 3 He-α cluster structure. Its ground state binding energy, B 0 ∼ 1.6 MeV, is considerably smaller than the proton separation energy in 3 He (S p ∼ 5.5 MeV) and the energy of the first excited state of the α particle (∼ 20 MeV).
The distinct two-cluster configuration of 7 Be, with tight constituents and the low-energy regime one is interested in, make this reaction very suitable for a halo effective field theory (halo EFT) approach. Halo EFT was first formulated in Refs. [12, 13] in their study of the shallow p-wave neutron-alpha resonance and applied to other systems, such as the s-wave alpha-alpha resonance [14, 15] , three-body halo nuclei [16, 17] , coupled-channel proton-7 Li scattering [18] , electromagnetic transitions [19] and capture reactions [20] [21] [22] [23] [24] [25] [26] [27] . In this work, we apply the same ideas to the 3 He(α, γ) 7 Be radiative reaction, following a two-cluster approach of point-like objects at leading order (LO) approximation. Corrections due to the structure of each cluster and higher order electromagnetic interactions are taken into account in perturbation theory. In halo EFT, a systematic and model-independent expansion of observables is achieved through the use of an expansion parameter -formed by the ratio of a soft momentum scale Q, associated with the shallowness of the binding of the clusters, and a hard momentum scale Λ, related to the tightness of the cores. Moreover, the formalism guarantees unambiguous inclusion of electromagnetic interactions that preserve the required symmetry constraints, such as gauge invariance.
The paper is organized as follows. In Sec. II we briefly comment on the energy scales, degrees of freedom, and channels relevant to the dominant E1 transition, as well as the construction of the corresponding interaction lagrangian. Sec. III presents the main elements necessary to deal with Coulomb interactions between the 3 He and α nuclei. The amplitude for both initial elastic scattering state and final bound state are obtained in the halo EFT framework in Sec. IV. There we also relate the EFT couplings to the effective range parameters and set the power-counting. Sec. V collects the relevant expressions for the capture amplitude and cross section, whose numerical results are shown and discussed in Sec. VI. We present the EFT power-counting here. Our concluding remarks are presented in Sec. VII.
II. INTERACTION
The halo EFT we construct treats the 7 Be nucleus as a bound state of point-like nuclear clusters 3 He and α. The is about 3 MeV above the 3 He-α threshold [28] . In halo EFT the ground and first excited states are included respectively as 2 P 3/2 and 2 P 1/2 in the spectroscopic notation 2S+1 L J . The states beyond the first excited state are not included in the low-energy theory. Similarly, only the ground states of 3 He and α are relevant at astrophysical energies.
Early works on radiative capture 3 He(α, γ) 7 Be indicate it is dominated by the E1 transition from the initial s-wave state at low energies, see Ref. [1] . In the phase shift analysis of experimental data we use, the Coulomb subtracted d-wave phase shift is found to be small and treated as zero [29] . In the EFT we include initial d-wave state with only Coulomb but no strong interaction. Thus we consider the following Lagrangian for the calculation,
where the spin-1/2 fermion field ψ represents the MeV. M = m ψ + m φ is the total mass. We use natural units with = 1 = c. Note that, for some physical quantities, we keep more significant digits than necessary until presenting our final results. The projectors P [j] and the auxiliary fields χ (ζ)
[j] carry vector and spinor indices [j] to specify the relevant spin-angular momentum channels for the incoming states
, final ground state ζ = 2 P 3/2 , and final excited state ζ = 2 P 1/2 , described below. We use the shorthand notation ζ = ± to refer to the 2 P 3/2 and 2 P 1/2 channels, respectively.
The s-wave interaction can be written using a spin-1/2 auxiliary field χ α,s as:
where the spinor indices α, β on the fields χ α,s and ψ β are contracted using the diagonal s-wave projector P αβ,s = δ αβ . The spinor index α = 1, 2. The two s-wave couplings ∆ (s) and h (s) can be fitted to scattering length a 0 and effective range r 0 for elastic scattering of 3 He and α. We discuss this in more detail when we consider the relevant power-counting.
For the final state, we want to project the vector index i = 1, 2, 3 for the p-wave and the spinor index α for the 3 He spin into total angular momentum j = 1/2 and j = 3/2 pieces.
This can be done for a generic auxiliary field χ α i as follows:
where the two pieces are the irreducible forms representing the 2 P 1/2 and 2 P 3/2 channels, respectively. The Pauli matrices σ i 's act on the spinor indices. The two p-wave interactions can then be written as
where the p-wave projectors are
The two couplings ∆ (ζ) , h (ζ) in each of the two p-wave channels can be determined from the corresponding binding momentum and effective range. For bound states, both of these couplings contribute at LO [12, 13] . This remains true even in the presence of long-range Coulomb interaction as we have here.
The capture calculation proceeds through the E1 transition. For one-body currents we couple the external photon through minimal substitution, that corresponds to gauging the momentum of the charged particle, p → p + ZeA, where Z is the charge number. We include the long-range Coulomb interaction between the 3 He and α nuclei to all orders in perturbation by summing the Coulomb ladder as described below. Two-body currents that are not related to elastic scattering operators by gauge invariance also contribute to the E1 transition between s-wave, and p-wave ground and excited states. These can be written using the auxiliary fields as
where µ is the reduced mass, E is the electric field, Z ψ = 2 and Z φ = 2 are the charge numbers of 3 He and α, respectively. We include factors of h (s) , h (ζ) and the effective charge
In the absence of Coulomb interaction, for a single charged particle, this reduces to a factor of ∼ 2π/ µ r 0 r (ζ) 1 that has been suggested earlier [30] . Two-body currents such as this are usually not included in potential model calculations. Note that in our halo EFT formalism the one-and two-body currents are effective ones, whose origins lie in a more complicated one-and many-nucleon electromagnetic currents. The intricate contributions between different many-nucleon currents are discussed in a variational 4-nucleon study of Refs. [31, 32] and in a three-cluster
He) model of Ref. [33] , but is beyond the scope of this work.
III. COULOMB LADDER
For the scattering of two charged particles 3 He and α at low energy, the relevant quantity that provides the strength of Coulomb photon exchanges is the Sommerfeld parameter η p = α e Z ψ Z φ µ/p, where α e = e 2 /(4π) ≈ 1/137 is the electromagnetic fine structure constant, and p is the relative center-of-mass (c.m.) momentum. The inverse of the Bohr radius of the system defines the momentum scale k C = α e Z ψ Z φ µ and the Sommerfeld parameter is written as the ratio η p = k C /p. Each photon exchange is proportional to η p . In the lowenergy region that we consider, p k C , multiple photon exchanges contribute at least at the same order, forcing the summation of Coulomb ladder diagrams, Fig. 1 . The Coulomb scattering amplitude T C satisfies the following useful relations
where |p is a plane wave state in the two-particle c.m. system, and |χ
) is the incoming (outgoing) Coulomb scattering state. The free and Coulomb Green's functions as operators are respectively written as
The ±iǫ signs in the definitions correspond to retarded and advanced Green's functions.
Taking expectation values between final p ′ | and initial |p momentum states, one can derive several useful relations,
with χ
. The diagrammatic relation between t C and T C from Fig. 1 can be expressed as
and helps write
The Coulomb wave function and the retarded Green's function are known in closed form in coordinate space [34, 35] ,
where r < (r > ) correspond to the lesser (greater) of the coordinates r, r ′ , and
with conventionally defined Whittaker functions M k,µ (z) and
Coulomb wave function, the irregular wave function is given by
, and σ l = arg Γ(l + 1 + iη p ) is the Coulomb phase shift. We define the Coulomb Green's function for a bound state with binding energy B as
where γ = √ 2µB is the binding momentum. The coordinate space definitions assume r ′ < r.
In the limit r ′ ∼ 0 ≪ r ∼ ∞ for charged neutral particles (Z ψ = 0 = Z φ ), we recover the expected result
IV. ELASTIC SCATTERING
The elastic scattering amplitude T (E; p ′ , p) in the presence of both short-range strong and long-range Coulomb interactions is traditionally written as
where the purely Coulomb contribution can be written as
using the incoming (outgoing) c.m. momentum p (p ′ ).
The on-shell Coulomb-subtracted amplitude can also be expanded in partial waves as
where the full phase shift is simply δ l + σ l . The Coulomb-subtracted phase shift δ l is usually expressed in terms of a modified effective range expansion (ERE)
with ψ(x) the digamma function. The · · · above represents terms with higher powers in p 2 . The amplitude T SC is given in EFT by the set of diagrams in Fig. 2 . The s-wave amplitude for c.m. incoming momentum p and outgoing momentum p ′ , with p = |p| = |p ′ | and
where the dressed dimer propagator is given by
Using the modified ERE from Eq. (18) in Eq. (17) and comparing to the s-wave EFT expression in Eq. (19), we can determine the two couplings in terms of a 0 and r 0 ,
where the space-time dimensions D → 4 and λ is the renormalization scale within the powerdivergence subtraction (PDS) scheme [36] . The λ-dependent EFT couplings were derived to reproduce the scattering amplitude written only in terms of scattering parameters a 0 , r 0 , etc. Thus the physical observables are finite and explicitly independent of λ.
The elastic scattering amplitude requires non-perturbative treatment of the Coulomb photons at low energies. However, it is not clear if the short-range interaction contained in the parameters a 0 , r 0 , etc., should be included in perturbation or not. Fitting the EFT expression to both elastic and capture data a posteriori, we find that both the scattering length a 0 and the effective range r 0 contribute at LO. We propose a power-counting where
is fine-tuned, and r 0 ∼ 1/Λ is of natural size. However, there is a further fine-
Then the s-wave scattering amplitude gets LO contributions from a 0 , r 0 for p ∼ Q. The contribution from a natural-size shape parameter s 0 ∼ 1/Λ 3 is suppressed by a relative factor of Q/Λ, and contributes at NLO.
The p-wave amplitude is written as −i3T
(1) SCp
with the p-wave dressed dimer propagator written as
J 1 (p) is given by a divergent integral that we regulate through dimensional regularization in
the PDS prescription for the integrals, and relating Eqs. (17), (18) to Eq. (22), one gets
The p-wave amplitude is λ-independent though the EFT couplings evolve as functions of it, similar to the s-wave result above.
The dressed p-wave dimer propagator defines the wave function renormalization constant
where B (ζ) is the p-wave binding energy. To ensure the modified ERE parameters are consistent with the bound state energies we redefine the ERE for p-waves as
A straightforward calculation leads to
such that the wave function renormalization constant depends only on the binding momentum γ and the effective range ρ 1 , to all orders in perturbation. From the second relation in Eq. (25), we propose 
V. RADIATIVE CAPTURE
We assign the c.m. momenta p to the α particle, and k to the outgoing photon in the final state. From energy-momentum conservation |k| = (p
in the EFT power-counting. Thus in a typical loop calculation a combination such as The first set of diagrams from Fig. 3 include only Coulomb interactions for the incoming charged particles 3 He and α. We find for s-wave capture
where the index ζ refers to the final p-wave bound states. The corresponding binding that is given by
where we chose the incoming relative momentum p to point in theẑ-direction.
The projection onto the p-wave states is given by
where ǫ a is the photon polarization vector, Z (ζ) is given by Eq. (28), U ζ is the spinor field for the p-wave final state with mass M = m ψ + m φ , and U ψ is the spinor field for the incoming 3 He nucleus. The spinor fields satisfy the completeness relations
where i, j are vector indices, and α, β are spin indices.
The second set of diagrams from Fig. 4 involve the initial state short-range interaction that is constrained by the s-wave phase shift through the ERE. We find
The integral B ab is divergent, which is rendered finite when combined with the contribution from the third diagram,
We regulate the divergences using PDS, which is most conveniently done in this calculation in momentum space. The divergences come from zero and single Coulomb photon exchanges.
Thus we analytically calculate the divergent pieces perturbatively up to O(α e ) and calculate the rest (more than a single Coulomb photon), that is not divergent, numerically:
(1)
The double integral C(p) can be reduced further to a single integral that we evaluate nu- We do a similar decomposition of J 0 (p) to write
and the finite piece as
Comparing Eqs. (35) and (36) The third contribution is from two-body currents in Eq. (6) that contribute to E1 capture to the ground and excited states. The diagram in Fig. 5 gives the contribution
Thus we have the following expression for the capture amplitude from the initial s-wave
The total cross section and the S-factor can be calculated as
where we averaged over the initial 3 He spin and summed over the final state photon polarization and 7 Be spin. The amplitude squared is
with angular momentum j = 1/2 for the excited state and j = 3/2 for the ground state.
The function Y (p) is the contribution from d-wave initial states, Eq (30) . These expressions reduce to the corresponding forms for the capture reaction 7 Li(n, γ) 8 Li when the long-range
Coulomb interaction is turned off [20, 21] .
VI. RESULTS AND ANALYSIS
To predict the S-factor at solar energies using the EFT expression in Eq. (40) Q. However, this naive expectation is invalidated due to the non-perturbative Coulomb contributions [14] , and instead we find 2π(B + µJ 0 )/µ 2 ∼ 1/a 0 ∼ Q 3 /Λ 2 . Therefore the contribution from the second set of diagrams scales as ∼ 2π(B + µJ 0 )a 0 /µ 2 ∼ 1 compared to the first set. This scaling holds over a range of momenta p 70 MeV.
The relative contribution of the two body currents scales as
E1 ∼ 1, the two body currents also contribute at LO. The NLO corrections to the capture amplitude come from the s-wave shape parameter corrections assuming s 0 ∼ 1/Λ 3 . The amplitude from Eq. (39) can now be expanded as
Naively, d-wave contributions would be NNLO, as they are suppressed by two relative powers of momentum compared to capture from s-waves. In our fits this is confirmed at c.m. We do a simultaneous fit to S-factor measurements and phase shift analysis to determine the parameters. At LO, the scattering parameters a 0 , r 0 , r contribute to the respective phase shifts. Only s 0 contributes to the capture process.
The capture data are from LUNA [38] , Seattle [39] , Weizmann [40] , ERNA [41] , and
Notre Dame [42] . The S 34 measurements include both prompt photon and activation data.
For the former, the branching ratio R 0 to the excited state compared to the ground state is available. The R 0 data are useful as they remove normalization errors from the cross section measurements. We perform two sets of fits.
First, we fit the S 34 and R 0 to c.m. energies of about 500 keV. Though it would be preferable to fit the ERE parameters at low energies, the available phase shift data starts at around 1.9 MeV. For the p-wave, the binding momenta γ 0 and γ 1 provide a constraint at zero energy. For the s-wave, no such low-energy constraints exist. It leads to large errors in fitting a 0 . At LO, we fit the phase shifts to about 2.5 MeV. At NLO, we increase the range of s-wave phase shift fit to about 3 MeV as we introduce the shape parameter s 0 . We also use the LO value for r 0 in the NLO fits. When we let r 0 vary, we get similar values and fitting errors. However, the scattering length a 0 and shape parameter s 0 have large uncertainties though their central values are reasonable. Lack of low-energy phase shift information provides no meaningful constraints on a 0 . We call this set of fits "Small range"
in the plots. Second, we fit the S 34 and R 0 to c.m. energies of about 1000 keV, and all the elastic phase shifts to about 3 MeV. We call this the "Large range" fit in the plots. Again we keep r 0 fixed to its LO value in the NLO fits. We also performed a Jackknife fit over the Large range, where we removed one whole data set from each of the five experimental groups LUNA, Seattle, Weizmann, ERNA and Notre Dame, in turn. This gave results very similar to the Large range. In Table I Table II we list S 34 (0) in EFT. The errors from the fits were propagated to the Sfactor assuming a linear model as follows. For a function f (r; β), where r is the independent variable and β the parameter set, we estimate the error as
where COV ij are the elements of the covariance matrix. We indicate a theory error of 30%
and 10%, respectively, in our LO and NLO estimates. We explore this idea in Fig. 9 where d-wave contributions were not included to highlight the cancellation. For illustration we fit the prompt data from LUNA [38] , Seattle [39] , and
Notre Dame [42] with and without the two-body current, to about 1200 keV. We also include some phase shift data. The results are similar. The curve without two-body currents used Table I but lead to much larger wave function renormalization constant. The asymptotic normalization constants (ANC) were evaluated in potential models, see Ref. [45] . These are related to the wave function renormalization we calculate via
Using the calculated ANCs [45] C = −38.7 MeV, respectively, in quite good agreement with the EFT numbers without two-body currents.
VII. CONCLUSIONS
The capture cross section σ and the related S-factor S 34 for 3 He(α, γ) 7 Be were calculated at low energies in halo EFT. E1 transitions from initial s-and d-wave states to the bound LUNA [38] , Seattle [39] , and Notre Dame [42] , with (red-dashed) and without (blue-solid) the two-body currents, to about 1200 keV.
p-wave ground and excited states were considered. The Coulomb photons between the two clusters 3 He and α were iterated to all orders in perturbation. The LO contributions to E1 transitions come from the initial s-wave Coulomb and short-range interactions, and from two-body currents. At NLO, s-wave shape parameter and pure Coulomb d-wave initial state interactions were included.
We determine the low-energy parameters by a simultaneous fit of the halo EFT expres-sions to S 34 measurements, and s-and p-wave phase shifts. Two different fits were employed that gave very similar results. The fits corroborate the adopted power-counting where the swave scattering length and effective range both contribute at LO. The contribution from the s-wave shape parameter is suppressed by a factor of Q/Λ compared to LO. Pure Coulomb dwave initial state interactions do not contribute significantly ( 10%) up to E cm ∼ 500 keV, and above that it behaves like a typical ( 30%) NLO correction. We estimate a 10% error in the EFT results from higher order NNLO contributions from initial state d-wave strong interactions and higher order two-body currents.
Despite the apparently good description of data, reasonable agreement among the different fit schemes, and a converging pattern from LO to NLO, our fits use elastic scattering data mostly concentrated on the high-energy end of the validity range of the halo EFT.
That causes certain instabilities in finding the optimal set of fitting parameters, since they should in principle be better fixed at lower energies where data are scarce or even nonexistent. Nevertheless the halo EFT results for S 34 (0) are in good agreement with some model extrapolations of experimental measurements [38] [39] [40] [41] [42] and also recent ab initio calculations [43, 44] .
Moreover, we find with the current dataset that the contribution of two-body currents is strongly correlated to the wave function renormalization constants in a way that a decrease in one is compensated by an increase in the other. We showed the possibility of fitting phase shifts and capture data to our expressions without two-body currents, similar to what is done in potential model calculations. Experimental phase shifts at lower energies are likely to provide stronger constraints on the EFT parameters with great chance to disentangle the role of these terms. The planned TRIUMF experiment to measure phase shifts down to c.m.
energies of about 500 keV [46] would be useful to constrain the low-energy theory. It would determine the wave function renormalization constants directly from elastic scattering data without resorting to fits to capture data. The expressions presented here can be directly applied to 3 H(α, γ) 7 Li capture calculation where the main difference is the charge Z ψ = 1 of the 3 H nucleus. The EFT parameters would have to be tuned to the 3 H-α system. This work is under progress.
